In Plasmodium-infected mammals, phagocytosis and production of tumor necrosis factor (TNF) by monocytes and macrophages are prominent features. The present work aimed at clarifying the relationship between the maturation of human monocytes to macrophages and their TNF productivity and phagocytic ability in the presence of Plasmodium falciparumâ€"infected erythrocytes. Fresh monocytes produced a significantly higher quantity of TNF in the presence of schizont-infected erythrocytes than macrophages obtained by in vitro monocyte maturation on autobogous serum, whereas phagocytic activity of macrophages was much higher than that of fresh monocytes. This indicated that the TNF-inducing factors from P. falciparum-infected erythrocytes could stimulate fresh monocytes, but not macrophages, to release TNF, regardless of their development of phagocytosis. Activation of macrophages by interferon--1. could not recover their TNF productivity in the presence of P. falciparum-infectcd erythrocytcs, but it enhanced their TNF productivity in the presence of bipopolysaccharide(s).
Abstract.
In Plasmodium-infected mammals, phagocytosis and production of tumor necrosis factor (TNF) by monocytes and macrophages are prominent features. The present work aimed at clarifying the relationship between the maturation of human monocytes to macrophages and their TNF productivity and phagocytic ability in the presence of Plasmodium falciparumâ€"infected erythrocytes. Fresh monocytes produced a significantly higher quantity of TNF in the presence of schizont-infected erythrocytes than macrophages obtained by in vitro monocyte maturation on autobogous serum, whereas phagocytic activity of macrophages was much higher than that of fresh monocytes. This indicated that the TNF-inducing factors from P. falciparum-infected erythrocytes could stimulate fresh monocytes, but not macrophages, to release TNF, regardless of their development of phagocytosis. Activation of macrophages by interferon--1. could not recover their TNF productivity in the presence of P. falciparum-infectcd erythrocytcs, but it enhanced their TNF productivity in the presence of bipopolysaccharide(s).
The TNF-inducing factors were contained mainly in erythrocytes infected with mature schizonts but not in crythrocytes infected with the younger stages of the parasites. Fractionation of infected crythrocytes revealed that both soluble and insoluble components almost equally contained those factors.
Plasmodium infection has been shown to be one of the typical infectious diseases that show increased serum levels of tumor necrosis factor (TNF).' 2 Although TNF plays an important robe in host resistance to malaria parasites,@ cx cessive TNF production seems to be implicated in severe complications of Plasmodiumfalciparum and P. berghei ma an7' Soluble substances released from infected erythro cytes at schizont rupture have been shown to stimulate mac rophages directly to produce TNF)2 13 Grau and others showed higher expression of mRNA of TNF in the spleen macrophages of mice developing cerebral malaria than in those of mice without this complication, and predicted that activation of macrophages by T cellâ€"released cytokines bed to TNF rpod '5 In humans, however, this sort of experiment is not appropriate because of ethical and tech nicab considerations in collecting spleen macrophages from patients. So far, TNF concentration has only been measured in peripheral serum samples of P. falciparumand P. vivax infected patients, and TNF production in the presence of P. falciparum components has only been detected using fresh monocytes in culture.2' @ 10. 16 Therefore, the relationship of TNF production by mature and activated tissue macrophages to phagocytosis remains to be explored.
In the present work, peripheral monocytes were allowed to mature to macrophages by in vitro cultivation on autobo gous serum (macrophages) and activated with intcrferon--y (IFN--y) (activated macrophages).
Production of TNF by macrophages and activated macrophages were examined in relation to their phagocytosis in the presence of various com ponents of P. falciparum-infected crythrocytes.
MATERIALS AND METhODS
Parasites. The FCR-3 strain of P. falciparum, kindly do nated by Professor M. Suzuki (Gunma University School of Medicine, Macbashi, Japan), was cultured according to the method of Tragcr and Jensen'7 in group 0 erythrocytes ad justed to 5% hematocrit in RPMI 1640 medium supple mented with 10% group 0 human serum in a moist atmo sphere of 5% 02, 5% CO2. and 90% N2. Three separate cub tures were synchronized with the sorbitol method at intervals of approximately 12 hr to prepare simultaneously three dis tinct stages of P. falciparum cultures.'8 Each culture was synchronized three additional times at intervals of approxi mateby 48 hr to narrow the stage variation. The R stage cub ture obtained after 12 hr of the final synchronization was composed mostly of ring forms. The T stage culture obtained after 24â€"30hr was mostly trophozoites, and the S stage cul ture obtained after 36â€"48hr was composed of schizonts and new ring forms (Figure 1) . Preparation of monocytes and their maturation and activation.
Heparmnized venous blood obtained from a healthy Japanese adult male was mixed with an equal vob ume of phosphate-buffered saline (PBS), and 10 ml of the mixture was gently layered on 3 ml of HistopaqueÂ®-1077 (Sigma, St. Louis, MO) in a centrifuge tube and centrifuged at 900 X g for 30 mm. Mononuclear cells were recovered from the intermediate layer between the plasma and the His topaque, washed with PBS three times, suspended in RPMI 1640 medium supplemented with 10% autologous serum at a concentration of 4 X l0@/ml, and 500 p.1 of the suspension was poured into each well of a 24-well cell culture plate in which a 15-mm, round, plastic coverslip (Thermanox; Nunc, Inc., Roskilde, Denamrk) had been placed previously. After incubation for 2 hr at 37Â°Cin the 5% CO2 atmosphere, the plastic coverslip was removed and rinsed in PBS to remove nonadherent cells. The coverslip was then placed in a well of a separate but same type of plate containing 500 p.1 of RPMI 1640 medium and used immediately as a source of fresh monocytes. Some of the fresh monocytes were cultured in RPMI 1640 medium with 10% autobogous serum for three days. Thereafter, one portion was cultured in the same fresh medium for three successive days and used as mature mono cytes or nonactivated macrophages (hereafter referred to as macrophages),'9 and other portion was cultured in the same medium but supplemented with 300 units/mI of WN-'y for the same period and used as activated macrophages.
Preparation of soluble and insoluble components from
erythrocytes with a parasitemia of 4â€"5% were centrifuged at 800 x g for 6 mm. The packed cells were measured by volume, lysed by freeze-thawing three times, and centrifuged at 6,000 x g for 4 mm. The supematant was passed through a membrane filter with pore size of 0.2 p.m and used as soluble components. The precipitate was washed with PBS three times by the same centrifugation, suspended in RPM! 1640 medium to adjust the final volume to that of the orig inab packed cells, and used as insoluble components. An incubation time of 5 hr was chosen to minimize the effect on TNF production by stage development of parasites. After incubation, the overlay medium was centrifuged at 6,000 X g for 10 mm and the supernatant was kept at â€"20Â°C until the TNF assay. A plastic coverslip was rinsed in PBS, immersed in distilled water for 20 sec @ byse erythrocytes adhering to monocytes, and rinsed in PBS again. The coverslip was then dried, fixed with methanol, stained with Giemsa, and examined micro scopically to evaluate phagocytosis of infected erythrocyte@ by monocytes. Noninfected erythrocytes were used as a meg ative control for TNF production and phagocytosis. Lipo pobysaccharide (LPS) (from Escherichia coli; Sigma) was used as a positive control for TNF production.
Production of TNF and phagocytosis of monocytes and macrophages in the presence of soluble and insoluble components.
Soluble or insoluble components (30 p.1), pre pared as described above, were added to separate culture wells containing monocytes and macrophages. After a 24-hr incubation at 37Â°Cin a 5% CO2 atmosphere, an overlay me dium was used for the TNF assay and a plastic coverslip was used for the phagocytosis assay as described below. Noninfected erythrocytes and LPS were used as negative and positive controls, respectively.
Assay for TNF. Tumor necrosis factor concentration was measured by its cytotoxic effect on L-929 murinc fibrobbast cells (Dainippon Pharmaceutical
Co., Osaka, Japan).2Â°Brief by, 100 p.1 of an L-929 cell suspension in RPM! 1640 me dium at a concentration of 4 X l0@/mb was seeded in each well of a microcubture plate with 96 wells and incubated at 37Â°Cin a 5% CO2 atmosphere for 24 hr. A total of 50 pA of RPM! 1640 medium containing 0.4 p.g of actmnomycin D and 50 p.1of a serial two-fold dilution of the overlay medium was added to each well and incubated for 18â€"20hr. As a control, 100 p.1 of overlay medium containing actimomycin D with noninfected crythrocytes was used. The wells were then washed with PBS, stained with crystal violet, washed with distilled water, and measured coborimetricabby for opti cab density by an enzyme-linked immunosorbent assay at 590 mm. Cell destruction was expressed as the percentage of the optical density of each well compared with that of the control. One unit of TNF was defined as the amount of TNF causing 50% cell destruction. Thus, the TNF unit of each overlay medium was expressed as the reciprocal of the di lution that showed 50% cell destruction.
Assay for phagocytosis. The phagocytosis rate was cx pressed as the number of monocytes or macrophages that ingested malaria pigment per 200 monocytes or macro phages. In our assay system, monocytes or macrophages in gesting infected erythrocytes or merozoites were rarely seen.
RESULTS

Production of TNF and phagocytosis
by fresh mono cytes in the presence of different stages of parasites. As shown in Figure 2 , 5 stage cultures induced fresh monocytes to release a significantly higher level of TNF than other stage cultures (P = 0.022, by Kruskab-Wallis test). The T stage cultures were intermediate in this activity, while R stage cub tures showed the lowest level of TNF released. Phagocytosis by fresh monocytes was also highest against S stage cultures, while phagocytosis against the R stage cultures was slightly higher than against the T stage cultures (Figure 3 ). This may be due to the fact that more free malaria pigment released from infected erythrocytes with mature parasites symchro nized by sorbitob treatment remained in the R stage cultures than in T stage cultures. Since S stage cultures prove to be the most effective, they were exclusively used in the follow ing experiments.
Production of TNF and phagocytosis by macrophages. As shown in Figure 4A , little production of TNF by mac rophages was seen in the presence of S stage cultures. In addition, TNF production by macrohages in the presence of LPS was also lower compared with that of fresh monocytes although it was higher than in the presence of S stage cub tures. On the other hand, phagocytosis was much more ac tive by macrophages than by fresh monocytes (Figure 4B shown in Figure 7A and B, respectively. Since monocytes or macrophages came into more frequent and longer contact with malarial pigment in the presence of insoluble compo nents than in the presence of S stage cultures, they phago cytized much more malarial pigment under the former con ditions. Larger quantities of phagocytized pigment were also observed in macrophages than in monocytes. The quantity of ingested pigment in IFN--y-activatcd macrophages was similar to that in nonactivated macrophages. The production of TNF by activated macrophages in the presence of soluble and insoluble components was also extremely bow ( Figure  6 ).
DISCUSSION
Tumor necrosis factor, which is produced mainly by mac rophages, is almost always related to immunopathobogic re actions in microbial infection.2' Recently, the implication of TNF in the pathogenesis of malaria has been recog nized. â€˜. 2.9-@ @ The mechanism of TNF induction in Plasmo dium infection has been studied extensively and soluble sub stances that were released from infected erythrocytcs at schizont rupture were shown to be the most probable TNF phages in the presence of LPS was lower than by fresh monocytes, macrophages were activated by IFN-@yand their TNF productivity was examined. As shown in Figure 5 , TNF production by activated macrophages did not differ from that by nonactivated macrophages in the presence of S stage cub tures, while TNF production by activated macrophages in the presence of LPS increased significantly. Phagocytosis of activated macrophages was similar to that of nonactivated macrophages and much higher than that of fresh monocytes in the presence of S stage cultures.
Momocytes and macrophages phagocytized malaria pig ment almost exclusively and rarely phagocytized merozoites or infected erythrocytes. This suggested that malaria pigment was a preferable target for phagocytosis, and that this activ ity does not require antibodies.
Effects of soluble and insoluble components of P fal ciparum-infected erythrocytes on TNF production and phagocytosis by monocytes or macrophages.
To clarify potential TNF-inducing factors from S stage cultures and the relationship between TNF production and phagocytosis, sob uble and insoluble components were added separately to a culture well containing fresh monocytes or activated mac rophages. Fresh monocytcs produced TNF in the presence of both soluble and insoluble components ( Figure 6 ). This indicated that not only soluble components, but also insob uble components, contained TNF-inducing factors for mono cytes. The phagocytosis of fresh monocytes and activated macrophages in the presence of insoluble components is cytes were stimulated via direct contact by both soluble and insoluble components and that if they recognized stimulants by receptors on the cell surface as in the case of LPS,@ they might lose them or become unable to trigger TNF production even after recognition during the maturation process to mac rophages. Recently, malarial pigment were shown to be more active as TNF-inducing factors for fresh monocytes, irre spective of phagocytosis, than soluble components.24 These results suggested the presence of several TNF-inducing fac tors and provided evidence against the proposal of an anti disease vaccine aimed at inhibition of TNF production by specific antibodies.
It is not known whether matured monocytes in vitro cor respond to tissue macrophages.
If that is the case, it is thought that TNF production occurs mainly in the blood stream, but not in tissues rich in fixed or migrating macro phages, suggesting a low possibility of TNF accumulation in local lesions. In fact, there was no evidence that mono cytes had migrated to the region where infected erythrocytes were sequestered.26 Although the specific immunity to ma lana parasites is thought to play the major role in clinical immunity, these findings partially explain the fact that ma lana symptoms become milder after frequent infections when macrophage activity is supposed to be increased. In addition, a big disparity in phagocytosis between monocytcs and macrophages seems to be correlated with the fact that malaria pigment is almost exclusively seen in reticuboen dotheial tissues rich in fixed macrophages such as the spleen and the liver.
In mouse models, peritoneal macrophages treated with IFN--y produced larger amounts of TNF than untreated ones, and higher TNF production was shown in the mice that de veboped cerebral malaria compared with mice that did not and much larger quantity of ingested malaria pigment were seen in activated macrophages (Giemsa stained, magnification X 1,000). inducing factors for macrophages,7' 12. 22. 23 although other candidates were also determined. 24 The present result also showed that S stage cultures induced the highest production of TNF by monocytes.
The most interesting finding in the present work was that matured macrophages and even IFN--y-activated macro phages in vitro produced little TNF in the presence of the S stage culture of the parasite, whereas they developed phago cytic activity and TNF productivity in the presence of LPS. The finding that soluble and insoluble components from in fected erythrocytes almost equally stimulated monocytes to produce TNF suggested that phagocytosis was not related to TNF production because only the latter components were phagocytized vigorously. Our results indicated that mono develop such complications. â€˜@ â€˜@ These results in the mouse model appear to be quite different from our postulate con ceming human malaria. In the present work, however, we did not consider the in vivo condition in which complex cytokinc networks are involved, resulting in a variety of TNF-producing mechanisms. Furthermore, we used only a few individual animals; thus, we must take individual ge netic differences into consideration. It is plausible that monocytes from some genetic groups of individuals maintain or increase TNF production even after their maturation to macrophages, causing severe malaria as shown in the mouse model. In addition, we must also consider the strain differ ences of P. falciparum among which TNF induction by dif ferent isolates showed a wide an227 indicating the possibility that some strains could stimulate macrophages as well as monocytes to produce ThE These speculations should be clarified by studies using various P. falciparum isolates and macrophages from individuals with different ge netic backgrounds.
Although we used only one strain and a few donors of monocytes, our present findings support the important sug gestion that monocytes in the blood stream play the major role in TNF production in P. falciparum malaria and con sequently, the suspected higher concentration of TNF in bo cab lesions might not be accurate.
